The sonic hedgehog (SHH) signaling pathway has been shown to play important roles in embryogenesis, cell proliferation as well as in cell differentiation. It is aberrantly activated in various common cancers in adults, but also in pediatric neoplasms, such as rhabdomyosarcoma (RMS) and atypical teratoid/rhabdoid tumors (AT/RTs). Dysregulation and germline mutation in PATCHED1 (PTCH1), a receptor for SHH, is responsible for the Gorlin Syndrome, a familial cancer predisposing syndrome including RMS. Here, we report a newborn diagnosed with congenital embryonal RMS. Whole-exome sequencing (WES) identified the presence of two heterozygous germline mutations in two target genes of the SHH signaling pathway. The PTCH1 mutation p.(Gly38Glu) is inherited from the mother, whereas the PTCH2 p.(His622Tyr) mutation is transmitted from the father. Quantitative RT-PCR expression analysis of GLI and SMO, key players of the SHH pathway, showed significantly increase in the tumor tissue of the patient and also enrichment in the germline sample in comparison to the parents indicating activation of the SHH pathway in the patient. These findings demonstrate that SHH pathway activity seems to play a role in eRMS as evidenced by high expression levels of GLI1 RNA transcripts. We speculate that PTCH2 modulates tumorigenesis linked to the PTCH1 mutation and is likely associated with the congenital onset of the RMS observed in our patient.
Introduction
Congenital cancers rarely occur in pediatric oncology and neonatology counting approximately 2% of childhood cancers with an estimated prevalence of 3.65 per 100,000 live births. Neonatal solid tumors are a heterogeneous group including neuroblastoma and teratoma, followed by Wilms tumor, brain tumor, leukemia, retinoblastoma, and rhabdomyosarcoma (RMS) [1] . These may be caused either by intrauterine exposure to mutagenic factors or point towards an underlying genetic cancer predisposition syndrome (CPS).
In general, embryogenesis is regulated by a variety of complex signaling cascades that are critical for normal development. One of these central cascades is the sonic hedgehog (SHH) signaling pathway, which plays a vital role in human development, cell proliferation, and differentiation [2] . The SHH signaling pathway is complex and depends on several factors including the type of responding cell, the dose of hedgehog (HH) protein received, and the time of exposure to HH [3] . It is activated by binding of HH protein to patched receptor (PTCH) 1 or 2, which suspends the inhibitory effect of PTCH on its signaling partner smoothened (SMO), which releases the suppressor of fused (SUFU) and induces the expression of target genes such as the GLI transcription factors GLI1, GLI2, and GLI3 [2, [4] [5] [6] . The HH gradient itself is shaped by several proteins and the mechanism of cellular response incorporates multiple feedback loops [3] .
Activation of the pathway is widely associated in pediatric and adult malignancies along with inactivation of the HH regulator PTCH1. Inherited or de novo, heterozygous germline mutations in the PTCH1 gene are responsible for the Gorlin syndrome (GS), a familial CPS [7, 8] . GS is characterized by developmental defects, neurological, genitourinary, and dental symptoms as well as an increased risk of tumor development such as basal cell carcinoma, medulloblastoma, meningioma, and RMS [9] .
RMS accounts for 4-8% of all malignancies in childhood [10] . It occurs during all age groups with a peak between 2 to 6 years, however, it is extremely rare in the perinatal period (0.4-2%) [1] .
Case report
We report the case of a newborn diagnosed with congenital embryonal rhabdomyosarcoma (eRMS). The nonconsanguineous parents are of Turkish origin. The family history is unremarkable without a cancer diagnosis in the three preceding generations (Fig. 1a) .
Pregnancy was uneventful until 36 weeks of gestation, when a large paravertebral tumor was prenatally detected by routine ultrasound. Elective cesarean section was performed at 37 + 2 weeks of gestational age due to breech presentation. Postnatal adaptation of the 2490 g and 45 cm male small for gestational age neonate was unremarkable.
The boy was referred to our department 2 days later. Initial laboratory tests including various tumor markers yielded exclusively normal results. MRI revealed a very large (11.5 cm craniocaudal extension), paravertebral tumor with intraspinal extension and epidural compression, massive secondary thinning of several ribs, pedicles of vertebral arch, and vertebral body, and multiple liver metastases (Fig. 1b, c) . Abdominal ultrasound confirmed multiple lesions with low echogenicity on the rim and hyperechoic center in all liver segments, clearly increasing in size within the next 2 weeks until treatment start.
Biopsy of the paravertebral tumor was taken and pathological examination revealed eRMS with positive staining for desmin, myoD1, and CD56 and negative staining for S100 protein, synaptophysin, and smooth muscle actin (Fig. 1d) .
Chemotherapy was initiated according to soft tissue sarcoma study group guidance for stage IV patients with metastatic disease (carboplatine, epirubicin, vincristine, actinomycin D, ifosfamide, etoposide) with drug doses calculated by body weight, additionally 1/3 dose reduction and substitution of ifosfamide by cyclophosphamide. Treatment was well tolerated under supportive care.
Response reassessment after three courses of chemotherapy revealed discrepant findings with partial response of the primary tumor and stable disease of the liver lesions. After nine courses of chemotherapy, at the end of treatment, second look biopsy of both, the tumor and liver lesions, was performed. Pathology evaluation showed completely necrotic tumor tissue, whereas the liver lesions showed no skeletal muscle differentiation, thus, the lesions were re-classified as non-malignant, most likely of fibromatous origin. Treatment was terminated without local therapy as tumor resection was deemed not feasible.
Since then, the patient is closely monitored by regular follow-up investigations including MRI and ultrasound. Until now, 30 months after the diagnosis and 22 months after the end of treatment, the patient is well and relapsefree without further signs of GS.
Results
Trio whole-exome sequencing analysis identifies two heterozygous germline variants in PTCH1 and PTCH2
Whole-exome sequencing (WES) of peripheral bloodderived DNA of the parent-child trio was performed. Details on data analysis are given in the Supplemental material [11] . Taken together, we identified 461 inherited heterozygous sequence variations of probable consequences including missense (444), frameshift (9), inframe insertion and deletions (6) , and start/stop-codons (2), occurring with an allele frequency of less than 5% (MAF ≤ 0.05). Out of these single-nucleotide variants (SNVs), we identified two concomitant monoallelic germline mutations in SHH pathway target genes, PTCH1 and PTCH2. The PTCH1 p.(Gly38Glu) missense variant was in silico predicted by SIFT and PolyPhen as tolerated and probably damaging, respectively. According to ClinVar the variant has uncertain clinical significance (VUS) and a CADD score (Combined Annotation Dependent Depletion) [12] , of 7.8 was calculated.
The identified PTCH2 variant p.(His622Tyr) was in silico predicted to be deleterious and benign according to SIFT and PolyPhen, respectively, while a CADD score of 14.82 was calculated (Fig. 2) PTCH1 and PTCH2 mutations in rhabdomyosarcomaheterozygous in the patient, the PTCH1 variant is transmitted from the mother, while the PTCH2 variant is inherited from the father. Furthermore, the SNVs were validated by conventional Sanger sequencing (Supplementary Fig. 1 ). Additionally, tumor tissue was also analyzed by WES, but showed no loss of heterozygosity (LOH) in PTCH1 and PTCH2.
Quantitative reverse transcription PCR (qRT-PCR) analysis of the SHH pathway activity
qRT-PCR was performed to determine the SHH pathway activity by mRNA expression levels of four different SHH target genes comprising PTCH1, PTCH2, SMO, and GLI1 in the tumor as well as in the germline samples. We could show high GLI1 expression levels in the peripheral bloodderived germline sample from the patient with a tenfold significant increase in the tumor sample indicating an activation of the SHH pathway, while the parents showed a sixfold lower GLI1 expression compared to the patients' germline, revealing low activity of the SHH pathway. Furthermore, SMO was also significantly increased in the tumor tissue, whereas all three germline samples showed low expression levels. The patient showed a twofold decrease of PTCH1 expression levels in the germline and tumor tissue in comparison to the peripheral blood-derived cDNA from the parents. The PTCH2 expression level was threefold increased in the tumor sample in comparison to the germline of the patient and his parents (Fig. 3) . Therefore, the variant in PTCH2 might play a decisive role and contributes to both the activation of the SHH pathway and the extremely rare clinical presentation with congenital RMS.
Discussion
In this case report, we describe the co-occurrence of two concomitant heterozygous germline mutations in SHH pathway genes in a newborn with congenital eRMS. To our knowledge, this is the first report of a patient with eRMS harboring combined heterozygous mutations in PTCH1 and PTCH2. Usually, in tumor suppressor genes linked hereditary syndromes such as GS, the tumor develops a deletion of the wild-type allele resulting in LOH [13] . However, we excluded causative LOH in PTCH1 and PTCH2 in the tumor tissue of our patient. This is in line with findings in PTCH1 heterozygous mice, in which retained wild-type allele in medulloblastomas and RMS-like tumors have been shown, indicating that haploinsufficiency of PTCH1 may already be sufficient for tumor development [14, 15] . These mice develop many features of GS and, on a CD1 background, RMS-like tumors at a frequency of 10-15% [16] [17] [18] . As a consequence of non-functional PTCH1, the negative feedback loop is disrupted and PTCH1, SMO, GLI1, and GLI3 mRNA accumulate in the cell leading to a constitutive activation of the SHH signaling that leads to cellular proliferation at the expense of maturation of the target cell into a post-mitotic state [19, 20] . Therefore, a subsequent defect in the DNA damage response caused by PTCH1 haploinsufficiency may be relevant as a mechanism contributing to tumor formation. According to Pressey et al. [7] , tumors with high GLI1 and low PTCH1 expression could exert a more active SHH signaling due to silencing of PTCH. This is in line with the expression profile in our patient showing high levels of GLI1 and SMO. Upregulation of GLI1 provides the potential for downstream activation of the SHH signaling pathway and has been shown to showed a twofold decrease of PTCH1 expression levels in the germline and tumor tissue in comparison to the peripheral blood-derived cDNA from the parents and b a tenfold significant increased GLI1 expression level in the tumor sample and a sixfold lower GLI1 expression in the parents compared to the patients' germline. c The PTCH2 expression level in the tumor sample was threefold increased in comparison to the germline of the patient and his parents. d SMO was 500-fold increased in the tumor tissue, whereas all three germline samples showed low expression levels play a role in the development and pathogenesis of a subset of eRMS tumors [7] . Inhibition of SMO prevents downstream activation of GLI transcription factors, which leads to suppression of those genes that are associated with cancer growth and progression. Therefore, SMO has been the primary target for the development of SHH pathway inhibitors. Until now, the US Food and Drug Administration (FDA) approved two SHH signaling inhibitors, vismodegib and sonidegib, for the treatment of advanced basal cell carcinoma (BCC). Sonidegib and vismodegib bind to SMO and act as an inhibitor preventing downstream activation of GLI1 and blocking the biological activity of the SHH pathway [21, 22] .
In a mouse model reported by Lee et al. [8] , it was shown that PTCH1 and PTCH2 compound mutants-as identified in our patient-have an increased tumor susceptibility and tumorigenesis [8] . Concomitant loss of PTCH2 led to an increase in RMS frequency and affected tumor formation in combination with PTCH1 haploinsufficiency. Therefore, these animals showed a higher incidence of tumors and an increase of different tumor types including mostly sarcomas, which was not previously observed in PTCH1 haploinsufficient mice. Consequently, we speculate that PTCH2 modulates tumorigenesis linked to the PTCH1 mutation and likely is associated with the congenital onset of RMS observed in our patient.
The phenomenon of double heterozygosity for mutations in two different genes in the same pathway has previously been described in breast cancer patients [23] . It remains to be determined whether this functional perturbation of key cancer pathways by inherited heterozygous mutations from each parent is a more widespread genetic phenomenon in the germline of children with cancer.
